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Carbon, C: Graphite

Northwestern

¢ What are basic ingredients of matter?

e How do they interact with one another?

e What are the most

fundamental laws

that describe all

Future ?

i‘ . Ophardt, ¢, 2003

. o Smallest particle
e natural phenomena
® an ATOM.

&
[ ] [ ] [ ] ‘?
Carbon atom models i (at least in pr1nc1ple) .

e And several more

pragmatic question:

Particle Physics

— how do stars shine?

Questions: — heavy elements?
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ELEMENTARY PARTICLES of THE STANDARD MODEL:

Northwestern

FERMIONS :  BOSONS

FORCE CARRIERS

21st Century
Periodic Table

(Now with Higgs boson!)

w
=z
[=]
-
a.
w
-

HIGGS BOSON

http://www.particlezoo.net

Intensely Exploring
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Evidence for Physics Beyond the Standard Model

1. The expansion rate of the universe seems to accelerate, both early on

(inflation) and right now (dark energy).
2. Dark matter seems to exist.
3. Why is there so much baryonic matter in the universe?
4. Neutrino masses are not zero.

1. and 2. are consequences of astrophysical /cosmological observations. It
is fair to ask whether we are sure they have anything to do with particle

physics.

3. is also related to our understanding of the early history of the universe

and requires some more explaining.

4. is the only palpable evidence for new physics.
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Very different techniques are used in order to pursue fundamental particle
physics questions. We combine those into three Frontiers: the Energy Frontier,
the Cosmic Frontier, and — the I am going to concentrate on — the Intensity

Frontier.

“The Intensity Frontier consists of research efforts where one aims at probing
nature through precision studies of the properties and fundamental interactions
of its basic constituents. While many of these efforts — especially the ones
pertinent to Fermilab — revolve around particle accelerators, the energy of the
accelerator is not ‘as high as possible’ but is rather dictated by the physics
question one is interested in addressing. Instead, it is the intensity and
“quality” (purity, time and space profile, etc) of the accelerated beam, that
determine the reach of intensity frontier experiments. Past, current, and future
Intensity Frontier experiments include studies of neutrino oscillations, searches
for rare muon, pion, and kaon processes, precision measurements of muon
properties, heavy flavor (charm and bottom) factories and the LEP1

experiments (the energy was fixed at a special value, the Z-pole mass).”

[AdG, N. Saoulidou, Ann. Rev. Nucl. Part. Sci. 60, 513-538 (2010).]
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Cosmic Frontier

(What is most of the matter

in the universe?)
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And;

Northwestern

Intensity Frontier

(Where do neutrino masses

come from?)
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Energy Frontier

(Understand the Higgs Boson)

u10900682 images.google.com
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ELEMENTARY PARTICLES of THE STANDARD MODEL:

FERMIONS :  BOSONS

Northwestern

Intensity Frontier

FORCE CARRIERS

Study the properties
of the basic ingredients
in as much detail as

possible.

LEPTONS

Ve
ELECTRON-NEUTRINO TAU-NEUTRINO

-----------------------------------------------------------------------------------------

HIGGS BOSON

http://www.particlezoo.net
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Intensity Frontier — In Practice
The idea is to either

e Measure something very, very precisely, and compare the result
with theoretical computations. If the results disagree, there is some

physics that has been left out.

e Look for phenomena that are not supposed to happen, or

which are expected to be insanely rare.

Either way, you need lots of particles, and you need to make sure you

understand your initial states really well.
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ELEMENTARY PARTICLES of THE STANDARD MODEL:

FERMIONS :  BOSONS

HIGGS BOSON

FORCE CARRIERS

The Muon is

Among a Handful of
Known Fundamental,

Point-Like Particles.

LEPTONS

muon = j

ELECTRON-NEUTRINO TAU-NEUTRINO

(‘mu’)

http://www.particlezoo.net
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Muons were discovered in 1936 in cosmic ray experiments.

Almost 100% of the time, they decay into an electron and two neutrinos,

pH — e Vel

—r g DISOVERY of e MuoN

(It’s kind of a funny story.)
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Cleatken: W.-M. Yao ar 2l (Partele Data Group), J. Phys. G 33, 1 (2008) (URL: hp:/pdg.lblgov)

1
Jl:E

p MASS (atomic mass units u)

The primary det=rmination of = muon's mass comes from measuring the
ratic of the mass to that of a nuclkus, so that the result iz obtained in
v (stornikc mass units). The comversion factor to MeV i more uncertain
than the mass of the muon in v, In this dstablock we givs the msulein o,
and in the follosing datablock in MeV.

BALUE [u) DOCUHENT (D TECN COWMENT
0.1 136064 - 0. DDODD0R030 MO HR 05 RWLUE 2002 CODATA valus

e & » We do not use the following dats for averages, fits, limits, 2tc. & = »

0.1 13428016840, 00000034 1 MOHR g RWVLIE 1008 CODATA valus
0113428013 £ 0.000000017 2 COHEN &7 RVLUE 16 CODATA valus

L MOHR 00 make use of other 1068 CODATA =ntries below.
ZCOHEN 87 make use of other 1086 CODATA =ntries below.

 MASS

2002 CODATA gves the corversion factor from u [atomic mass vnits, s=e
the abowe datablock) as ©31.404 043 (80). Earlier wvalues use the then-
current conversion factor. The corversion srror dominates the masses

green bealow.
VALUE (M) COCUMEENT WD TECN  CHL  COMMENT
10565834024 0, 0000004 MOHR o5 RVUE 2002 CODATA valus
e & » We do not use the following dats for averages, fits, limits, 2tc. & = »
1056583568 4 00000052 MOHR o0 EVUE 1008 CODATA va
105658353 0000016 3 COHEN &7 EWVUE 1086 CODATA va
1056583806 0000044 4 MARIAM g2 CNTR +
105.65836 000026 5 CROWE 72 CNTR
10565865 000044 % CRAME 71 CNTR

¥ Converted to MeW using the 1008 CODATA walue of the corversion const:
DIL.404013 4 0.0000037 MeVju.

MARIAM 82 give m, /m, = 206.768250(62)

SCROWE 72 give m,, fm, = 206.7682(5).

SCRANE 71 give m, fm, = 206. T6ETS(85).

i
June 24, 2014
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“Who Ordered That?”

The muon 1s the best known

unstable fundamental particle.

The muon is also the heaviest
fundamental particle we can directly
work with. It is a unique, priceless

resource for physicists.

# MEAN LIFE r

Measurerments with an smrer = 0,001 3 1079 £ have bean cmitted.

MALUE (102 = DOCUMENT 1D TECN  CHC
2.10703 &0.00004 OUR AVERAGE

2.1070784 0.000073 BARDIM g4 CNTR +

21070254 0.000155 BARDIMN g1 CHNTR -

210605 L0.00006 GIOVANETTI &84 CNTR +

216711 +0.00008 BALANDIN 74 CNTR +

21673 £0.0003 DUCLOS T3 CNTR +

ﬂ




Cleatken: W.-M. Yao ar 2l (Partele Data Group), J. Phys. G 33, 1 (2008) (URL: hp:/pdg.lblgov)

1
Jl:E

p MASS (atomic mass units u)

The primary det=rmination of = muon's mass comes from measuring the
ratic of the mass to that of a nuclkus, so that the result iz obtained in
v (stornikc mass units). The comversion factor to MeV i more uncertain
than the mass of the muon in v, In this dstablock we givs the msulein o,
and in the follosing datablock in MeV.

BALUE [u) DOCUHENT (D TECN COWMENT
0.1 136064 - 0. DDODD0R030 MO HR 05 RWLUE 2002 CODATA valus

e & » We do not use the following dats for averages, fits, limits, 2tc. & = »

0.1 13428016840, 00000034 1 MOHR g RWVLIE 1008 CODATA valus
0113428013 £ 0.000000017 2 COHEN &7 RVLUE 16 CODATA valus

L MOHR 00 make use of other 1068 CODATA =ntries below.
ZCOHEN 87 make use of other 1086 CODATA =ntries below.

 MASS

2002 CODATA gves the corversion factor from u [atomic mass vnits, s=e
the abowe datablock) as ©31.404 043 (80). Earlier wvalues use the then-
current conversion factor. The corversion srror dominates the masses

green bealow.
VALUE (M) COCUMEENT WD TECN  CHL  COMMENT
10565834024 0, 0000004 MOHR o5 RVUE 2002 CODATA valus
e & » We do not use the following dats for averages, fits, limits, 2tc. & = »
1056583568 4 00000052 MOHR o0 EVUE 1008 CODATA va
105658353 0000016 3 COHEN &7 EWVUE 1086 CODATA va
1056583806 0000044 4 MARIAM g2 CNTR +
105.65836 000026 5 CROWE 72 CNTR
10565865 000044 % CRAME 71 CNTR

¥ Converted to MeW using the 1008 CODATA walue of the corversion const:
DIL.404013 4 0.0000037 MeVju.

MARIAM 82 give m, /m, = 206.768250(62)

SCROWE 72 give m,, fm, = 206.7682(5).

SCRANE 71 give m, fm, = 206. T6ETS(85).

i
June 24, 2014

Northwestern

“Who Ordered That?”

The muon 1s the best known

unstable fundamental particle.

The muon is also the heaviest
fundamental particle we can directly
work with. It is a unique, priceless

resource for physicists.

ANS: “We did!”

# MEAN LIFE r

Measurerments with an smrer = 0,001 3 1079 £ have bean cmitted.

MALUE (102 = DOCUMENT 1D TECN  CHC
2.10703 &0.00004 OUR AVERAGE
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The Muon Magnetic Dipole Moment
S.

The magnetic moment of the muon is defined by M = Gz
W
The Dirac equation predicts g, = 2, so that the anomalous magnetic
moment is defined as (note: dimensionless)
9u — 2
2

QME

In the standard model, the (by far) largest contribution to a, comes from
the one-loop QED vertex diagram, first computed by Schwinger:

a9FP (1 —loop) = — = 116,140,973.5 x 10!
2T

The theoretical estimate has been improved significantly since then,

mostly to keep up with the impressive experimental reach of
measurements of the g — 2 of the muon.
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Spin Precession w.r.t. Momentum Vector

e —
Wg — — — H‘H-B — ﬂ,’u =
m

Ymagic = 29.3
3.09 GeV/c Viomentum —

Pmagic

electron time spectrum (2001)

2
& 10 =
2 =
- =
- B
@ (=
o
2 1=
= =
3 =
2 -
g “ _:‘?\ Mo
= 10 _:_;_ R
= =
107
-E,*f\ AW LN ot
10° =
= 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
Q 20 40 60 80

104
Time modulo 100pus [us]
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HMNT 07 (e*e-based)
—285+ 51

JN 09 ée“e’)
—299+65

Davier et al. 09/1 (t-based)
—-157+52

Davier et al. 09/1 (e*e)
-312+51 —e—

Davier et al. 09/2 (e*e” w/ BABAR)
—255+49

—e—
—e—

—a—i

HLMNT 10 (e*e” w/ BABAR)

[
i
i
i
0+63 o
|
0

-259+48
DHMZ 10 (T newest)
-195+5 e |
DHMZ 10 (e'e” newest)
—287+4 —e—
BNL-E821 (world average)
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 11 1 1 I 1 1 1 1 I 1 11 1 I 1 11 11 1
-700  -600 -500 -400 -300 -200 -100
—11
a, — g,
FIG. Compilation of recent results for (1iM (in units of

10~ 11) subtracted by the central value of the experimental
average [12, 57]. The shaded vertical band indicates the ex-
perimental error. The SM predictions are taken from: this
work (DHMZ 10), HLMNT (unpublished) [58] (e*e™ based,
including BABAR and KLOE 2010 "7~ data), Davier et
al. 09/1 [15] (7-based), Dmim et al. 09/1 [15] (ete™-based,
not including BABAR ntn~ (ldtd,) Davier et al. 09/2 [10]
(eTe -based including BABAR L dd’m) HMNT 07 [59]
sk B % {60] (not including BABAR 7t 7~ data).

Northwestern

NOTE: a,,"" =105+26 x 10~

[Davier et al, 1010.4180]
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e . rY _'_'-\_“'_""
Aa,: we need—todig a little mmore! ; /’ff P
ar _'_'_._'_-__— '_':' II

This could be the greatest discovery of the century.
Depending, of course, on how far down it goes.
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© Fermilab, 2013
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Ever since it was established that y — evv, people have searched for

1 — ey, which was thought to arise at one-loop, like this:

The fact that © — ey did not happen, led one to postulate that the
two neutrino states produced in muon decay were distinct, and that

1 — ey, and other similar processes, were forbidden due to symmetries.

To this date, these so-called individual lepton-flavor numbers seem to be
conserved in the case of charged lepton processes, in spite of many

decades of (so far) fruitless searching. . .
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A __ 1 __” Ik B NT _ a2

ﬁHistory of u — ey, uN — eN, and u — 3e |

1B
. 107 ¥ =
g 10-3 __. \ 4 /j, — 6’}/
’q — O
— v v e [ — 36
5
107 F 2'0 = uN —eN
107 %
= \A
10-9 [ ‘v o
— !". P o
10" - v
B o® =® w
— ® O O
10— V MEG Upgrade
107° @ PSI, MUSIC
— Mu2e, COMET ™
10" |
— Project X, PRIME |
10’19 L1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year

[R. Bernstein, P. Cooper, arXiv 1307.5787]

Figure 3: The history of CLFV searches in muons (not including muonium.) One sees a steady im-

JREevementkin all modes and then a flattening of the rate improvement throughout they1890s.1MEG 1Basg

upgrade plans for the u — ey search. The two next generations of uN — eN, Mu2e/COMET at FNAL
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SM Expectations?

In the old SM, the rate for charged lepton flavor violating processes is trivial to

predict. It vanishes because individual lepton-flavor number is conserved:

e N,(in) = Ny(out), for a« = e, pu, 7.
But individual lepton-flavor number are NOT conserved— v oscillations!

Hence, in the ¥SM (the old Standard Model plus operators that lead to neutrino
masses) u — e is allowed (along with all other charged lepton flavor violating

processes).

These are Flavor Changing Neutral Current processes, observed in the quark
sector (b — sv, K° < K°, etc).

Unfortunately, we do not know the vSM expectation for charged lepton flavor

violating processes — we don’t know the vrSM Lagrangian !

June 24, 2014 Intensely Exploring
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One contribution known to be there: active neutrino loops (same as quark sector).

In the case of charged leptons, the GIM suppression is very efficient. ..

e.g: Br(p—ev) =350 |03 UpiUei Am;- <107

[Uqi are the elements of the leptonic mixing matrix,

Ami; =mi —m3, i = 2,3 are the neutrino mass-squared differences]

o Y
- o~ ~
W=, Tr‘\r‘\.
\

/
_._' I |_._

U Vi ek €
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/3@ LFV Muon Decays: Experimental Situation

e

)il
& / Al a7 7 e”
/ \\ U
. uF>ety  pN-s>eN @7 rseteet @f

MEG (PSI) SINDRUM I (PSI)  SINDRUM (PSI)
B(u > ey)<57-10" B(wAu->eAu)<7-10"  B(u'>eee’)<1.0-10"
(2013) (2006) (1988)

upgrading Mu2e/Comet Mu3e

June 24, 2014 Intensely Exploring
[Berger, talk at Lepton Moments 2014]




/%%/ LFV Muon Decays: Experimental signatures

e

Jies
ﬂ/ | /\} ‘P /A e”
Y y !
. uts>ety uN>eN €7 fseteet @f

Kinematics Kinematics Kinematics
- 2-body decay - Quasi 2-body decay - 3-body decay
- Monoenergetic e, y - Monoenergetic e - Invariant mass constraint
- Back-to-back - Single particle detected - 2p,=0
Background Background Background
- Accidental background - Decay in orbit - Radiative decay

- Antiprotons, pions, cosmics - Accidental background

June 24, 2014 Intensely Exploring
[Berger, talk at Lepton Moments 2014]




» Stop u™ in thin target
—Measure energies of e (E_) and vy
—Measure angle between e™ and vy (
—Measure time between e™ and v (At)

* Background from radiative decay — u — evvy

—Heavily suppressed for E, — 0, photon opposite electron
—Not dominant background when rate high enough to reach 10-1* sensitivity

* Main source of background:
—Accidental coincidences of e™ from Michel decay (u™—e*v_.v )
+ random vy from radiative decay or annihilation in flight

—E, distribution peaks near 53 MeV (x=E_/E__,)
—E, distribution in interval dy near y=1 given by dN, « (1-y)dy (y=E, /E

max)

= background/signal « AE, x (AE )? x At x (AB)? x Rate

W, Molzon, UC Irvine MuFact 2006 - Status of the MEG Experiment August 28, 2006 3

June 24,2014 00000009~ Intensely Exploring
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The MEG Experiment

Liquid Xenon
COBRA Magnet Q1 y r Scintillation Detector
: _
1§

Thin Superconducting Coil
\
JL! l

Stopping Target .\ i |

-
Muon Beam
) ; ) ___._-__.-'
| -~ — ]
\
| | \ 1 1

Drift Chamber
#// Drift Chamber

1m

W. Molzon, UC Irvine NuFact 2006 - Status of the MEG Experiment August 28, 2006
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“Signal” “RMD"

- Ov!
wr U e B+—®
v " -

p — EVLYY

June 24, 2014

“Accidental”
Ve
T e

w o
o
DL
Vu
1 — evy p— evvy
eN — eN~y
ee” —yy

i

Dominant Background
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Analysis 14/29

PRL 110 (2013) 201801

Event distributions

Signal PDF contours at 1, 1.64 and 2 sigma (68%, 90% and 95%)

= 58 1 - 2 —S T
o | cos(0,,) < -0.9996 & 1.5 ‘ 51<E, <555 MeV
-~ | T, <0.244 ns = fes 088 ¢ 52.4 < £, < 55 MeV
— 36 = 1
&S ~
54? 1 0.5;. : 4
|| o
Sz -0.57 |
L8009 gl 1
50”.:", & 1
dr2 $BPY ¢ -1.5+ =
b . S0 AP : - :
4g LA e w Yl ' %, @)
0 51 52 83 4 S5 56 -1 -0.9995 -0.999 -0.9985
E,.(MeV) cosO,,

No excess of events in the signal region

A Searching for CLFV with the MEG experiment Gordon Lim, UC Irvine @ July 10, 2014



Analysis 17/29

Conclusion

Most recent analysis:

Combined 2009-2011 analysis did not show
a significant excess of signal over background,

Observed BR limits & sensitivity:

®  Obtained 90% UL
Expected 9% UL (MC)

i . . MEGATS—— Median (sensitivity)
resulting in a factor 4 improvement of the G BB Mcdian=le
world’s most stringent BR(u—ey) upper limit: —— Median = 2

Branching ratio
-
=

e 3 discovery (MC)

Br(pt — ety) < 5.7:107** (90% C.L.)

“)-IZ L

Qutlook:

* Data taking finished
September 2013

* Total statistics incl.
2012+2013 data is
expected to double

* New results coming
end of this year 2008 | 2009 2010 2011, 2012 2013

Data statistics

Expected

13 SR CEN SR DS SN IS AN U A A L
105 100 200 300

Accumulated DAQ days

Normalization-factor/10'?

But that’s not all..

Searching for CLFV with the MEG experiment Gordon Lim, UC Irvine \’/' July 10, 2014
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The signal

U ->e‘ee’

Two positrons, one electron

M
+

From same vertex

Same time

Sum of 4-momenta corresponds to muon
at rest

M
+

Maximum momentum: % m = 53 MeV/c

June 24, 2014 Intensely Exploring
[Berger, talk at Lepton Moments 2014]
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| Accidental Backeround
/3@ g

. Combination of positrons from ordinary
muon decay with electrons from:

et - photon conversion,

- Bhabha scattering,

- Mis-reconstruction

- Need very good timing, vertex and
momentum resolution

June 24, 2014 Intensely Exploring
[Berger, talk at Lepton Moments 2014]




Internal conversion background

- Allowed radiative decay with internal
v conversion:

u"->e'ee’'VV

/
//

A
\ <
-

- Only distinguishing feature:

~
\ﬂ
T~
+
€. L Missing momentum carried by neutrinos
e
Y* -
\/ ) E . B B B i o
\_\\e-

—
o
-t
N

ﬂ? IIlIllle lIIImTf Illlllm'l

\

SO\M L |11|1|,|ﬁ 1||m|ﬂ 1luu|ﬂ lluuﬂ Lol

Ratio

tot
1013 5
J 2 /,/

10

ing

Branch

p3e . /
4
/

10—18
1019/
1 2 3 4 5
(R. M. Djilkibaey, R. V. Konoplich, m, -E. (Me
Phys.Rev. D79 (2009) 073004)

June 24, 2014 Intensely Exploring
[Berger, talk at Lepton Moments 2014]

3

- Need excellent 10
momentum resolution 1077

o




/%@/ Detector Technology
17774

; Vﬁ / i
/ e 7 /
W4 A
/ l'j / 4 s "( ’

s / x\ e
\\‘ _ ;( . % ;: /i

i YIS wh
WO 177 :

yai ) 4

\\\\\\

- High granularity
(occupancy)

. Close to target
(vertex resolution)

- 3D space points
(reconstruction)

- Minimum material
(momenta below 53 MeV/c)

- Gas detectors do not work
(space charge, aging, 3D)

- Silicon strips do not work
(material budget, 3D)

- Hybrid pixels (as in LHC) do not work
(material budget)

Intensely Exploring
[Berger, talk at Lepton Moments 2014]
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Muon to Electron Conversion

Charged lepton flavor violating process
Nucleus nearby for conservation of momentum and energy

Initial state: No neutrinos in final state

muonic atom at rest
Final state: ©\
electron + intact nucleus

« Signal is monoenergetic electron

» Conventional signal normalization

 Mu +N—e +N|
" T[p + N — all captures]

R,e

June 24, 2014 Intensely Exploring
[J. Miller, talk at Lepton Moments 2014]
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Muon to Electron Conversion:
Present and Future Precision
U Au— e Au

Current hmits: R, =— <7x107" (SINDRUM 1I)
u Au — capture

Also- » uli—eli

Le

= — <4.3x107"% (SINDRUM 1)
[ 17— capture

plimeli 4 6x1072 (TRIUMF)

Le

- [ 17— capture
u Al — e Al
- Al — capture

Mu2e goal: R, = <6x107" (90% c.1.)

four orders of magnitude improvement over current limit!
June 24, 2014 Intensely Exploring
[J. Miller, talk at Lepton Moments 2014]




Northwestern

* Increase in sensitivity by 10%
— Mu2e single event sensitivity goal 2.5x10-1/
* Mu2e needs ~few x 107 stopped muons
— Best available beam line ~ 108 Hz (PSI 1.3 MW beam)

— Mu2e goal ~“few x 101° Hz
— We are not proposing a 1 GW beam...

Develop a more efficient muon beamline

Instead of this

Solenoidal B field confines soft pions. Collect their decay muons.

Mu2e: > 10'° Hz stopped muons from only 8 kW of beam of protons
June 24, 2014 Intensely Exploring
[J. Miller, talk at Lepton Moments 2014]




The two most dangerous backgrounds have very==~
different timing properties

The FNAL accelerator complex produces proton
beams with a pulsed structure

Proton
' bunch

Extinction=1010

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
'

Pions and muons
arrive at target

Detector livewindow

t=y t=700 ns &1695 ns

Prompt: Radiative Pion Delayed: Muon
Capture with pair production Decay-in-Orbit

Also low energy backgrounds from muon
captures In stopping target. Per capture:
- ~1.2 neutrons, ~0.1 protons, ~2 gammas

Intensely Exploring
[J. Miller, talk at Lepton Moments 2014]

June 24, 2014
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Radiative Pion Capture
can produce electrons near the conversion energy

n A(Z,N) > ~vA(Z —1,N +1)"

10 F : r +
Sk 'kﬁ\l‘ ~... Open live e €
- . window
Qo b The electron spectrum
&0 | \\H extends out to nearly m=139.6 MeV
2 uf o
5 | -
215"} H This (and other) prompt
& | [, backgrounds are
’ N eliminated by keeping the
o - : DAQ dead until the
WL - ' 1 background rate has fallen
] H II | below some threshold.
) ~ o:ime ofsfdltijghtTge}m - v
June 24, 2014 Intensely Exploring

[J. Miller, talk at Lepton Moments 2014]



Northwestern

André de Gouvéa

Decay-in-Orbit is the major source of
delayed background in the live window

H o —>evy,
AZ,N)u — A(Z,N)e_vﬂve,

dN |

The free muon
decay has a hard
cutoff near mp/2

e

while the DIO

final state has a _
Very |Ong ta” Conver5|0n e|ectr0n

/ / energy
A

0 20 40 60 80 100
Electron Energy [MeV]

Arbitrary Units

Intensely Exploring
[J. Miller, talk at Lepton Moments 2014]

June 24, 2014



André de Gouvéa Northwestern

Simulation of DIO + conversion electron
energy distributions +  Assuming R =10-16

Le

* FWHM ~ 1 MeV, ™~ 4 events in
103.7 MeV<E< 105 MeV)

Reconstructed e Momentum

-
> C 3.6e+20 Protons On Target
20.16 — Signal Window
o C 6.7e+17 Stopped - 103.75 < p < 105.00 MeVic
%O'MT R, = 1e-16 ¥ g
EO 12: Jcs 3.8 +0.03 : | Realistic scattering losses
>0, — =38 £0. ! ! . . .
> F MWF smear the distributions
0.1 | CESES=26e-17 +7e-19 i /S to lower energy, while
0.08— J°'°=°” £0.03 f * ho resolution can push
i = oy I § .
c Imo fit=0.13 +0.00 Y b events to higher energy
0.06 — b
0.04 - .
0.02— b !
C 4 de*qh»",‘*’ W “§
0 &u"4,"»'".'.'.«"l.m“'.‘.‘v‘v”"‘"“‘"".M ,“‘-‘ v 6+ ’“‘f‘—ﬂi&.«
C | | || | | | || | | | | | | 1 | | | || 1 1 ‘ | | | |
100 101 102 103 104 105 " V106
p (MeV/ic)
DIO Spectrum: A. Czarnecki, X. Tormo, W. Marciano, Phys. Rev. D84 (2011) 013006
June 24, 2014 Intensely Exploring

[J. Miller, talk at Lepton Moments 2014]



Ve % Mu2e Overview

Production Target / Solenoid (PS)- 4m long x 1.5 m dia

* Proton beam strikes target, producing pions which

decay to muons
* Graded magnetic field contains backwards pions/muons

and reflects slow forward pions/muons

- S e (7 C ) < \
. - — -””"’ e R ;"“"'ICAYA:AE.-.T"' h - O\ Vst 2 A \
= ’—" AV L <' — ; Ty /‘—_ 3 - =29 "“"f’ ‘
. A - \ :\“ . - —_— p":'l-,f'uv'.‘ ! | = -
: P ot oo \ 1 # U = .
— i — < —

Target, Detector and Solenoid (DS)-
11m long x 2m dia

* Capture muons on Al target

Transport Solenoid (TS)- 13m long x 50 * Measure momentum in tracker and
energy in calorimeter

cm dia
Selects low momentum, negative muons Delivers ~0.002 Stopped
Antiproton absorber in the mid-section muons per 8 GeV proton

June 2!, !B!! !n!ense!y Exp!oring

[J. Miller, talk at Lepton Moments 2014]




ELEMENTARY PARTICLES of THE STANDARD MODEL.:

FERMIONS . BOSONS

HIGGS BOSON

Neutrinos are

Among a Handful of
Known Fundamental,

Point-Like Particles.

LEPTONS

neutrino = v

(‘)

TAU-NEUTRINO

http://www.particlezoo.net

Intensely Exploring

W BOSON



Reaction Termination  Neutrino Energy

André de Gouvéa (%) (MeV)
p+p—2Htet +ue 99.96 < 0.423
Neutrinos are Very, Very Abundant.
p+e +p—2H4w 0.044 1.445
H4p —3Hetry 100 -
SHe+*He—*He+p +p 85 —~
SHe+*He— "Be4~y 15 -
"Bet+e— —TLitwe 15 0.863(90%)

0.386(10%)

"Li+p —*He+*He -

"Be4p =B+~ 0.02 _
SB—53Be* +et + e < 15
fBe—*He+4*He —
YHetp —*Hetet + v 0.00003 < 18.8

Note: Adapted from Ref. 12. Please refer to Ref. 12 for a mor
nation.

around 100 billion go through

your thumb every second!

June 24, 2014 Intensely Exploring




Primary cosmic rays

André de Gouvéa

Also Closer to Home. ..

electromagnetic
shower

Mont Blanc
(4807 m)

June 24, 2014




N F 5% B i tern

F ‘_ Hy |.'|. - : e B ooy
AndiMuoh Further Away: . -

o

.2 ]

o . " ek .":_{". § . .!.1:';

T " i | -

fa¥en 10 Anglo-Australian Opservatory.”
Supernova: 100 times more energy released in the form of neutrinos!

June 24,2014 0o0owo0B 06 O 22 = Intensely Exploring
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Neutrinos are Relics of the Big Bang:

number / cm?3

Neutrinos are Everywhere

June 24, 2014

The Particle Universe

103
102
101

109

photons

neutrinos

protons electrons

neutrons

dark matter

Intensely Exploring
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However, Neutrinos Are Really Hard To Detect:

Neutrinos have no charge (unlike, say, the electrons) and don’t interact
via the strong nuclear forces (unlike, say, a neutron).

They interact only via the WEAK force — which, as it turns out, is really weak.

You need a wall of lead as thick as

the solar system in order to stop a neutrino produced in the Sun!

How did we get around this? With lots and lots of neutrinos, and really
big detectors!

June 24, 2014 Intensely Exploring
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Until recently (~ 1998), this is how we pictured neutrinos:

e come in three flavors (see figure);

e interact only via weak interactions;

e have ZERO mass;

e 2 degrees of freedom:
— left-handed state v,
— right-handed state v;

e neutrinos carry lepton number:
— L(v) = +1,
- L(v) =-1.

June 24, 2014 Intensely Exploring
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Over the past decade, the picture changed dramatically. We have
discovered that neutrino masses are not zero. In more detail, this is what

we discovered:
e Neutrinos Mix.

e Neutrinos Oscillate. This means they can change their flavor after
propagating a long distance (depends on the neutrino energy.
Oftentimes, it is hundreds of kilometers).

Both of these phenomena occur only if the neutrino masses are not zero,

and different from one another.

[lecture by Tia Miceli]

June 24, 2014 Intensely Exploring
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~ 101 TeV
10 11

At

mass (eV

,,,,,, \4 ot A _c__

“"NEUTRINOS
ffffff v e - Mev HAVE MASS

[albeit very tiny ones..

keV

eV

mev So What?

N
| \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘

10 \\\\\\\\‘\\\\‘\\\\
0 1 2 3 4

June 24, 2014 fermion Intensely Exploring




ELEMENTARY PARTICLES of THE STANDARD MODEL:

Northwestern

FERMIONS :  BOSONS

This is much more

than a pretty picture.

FORCE CARRIERS

It is a very powerful,

predictive model.

w
=z
[=]
-
a.
w
-

Ve

ELECTRON-NEUTRINO

HIGGS BOSON

http://www.particlezoo.net

Intensely Exploring

W BOSON
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e Result of over 60 years of particle physics theoretical and
experimental research.

e Theoretical formalism based on the marriage of Quantum Mechanics
and Special Relativity — Relativistic Quantum Field Theory.

e Very Powerful — once we specify the model ingredients: field content
(matter particles) and the internal symmetries (interactions), the
dynamics of the system is uniquely specified by a finite set of free

parameters.

June 24, 2014 Intensely Exploring
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Given the known ingredients of the model and the known rules, we can

predict that the neutrino masses are exactly zero.

Neutrino masses require new ingredients or new rules. We are still try to

figure out what these new ingredients are.

On the plus side, we probably know what they could be. ..

June 24, 2014 Intensely Exploring
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Neutrino Masses, Higgs Mechanism, and New Mass Scale of Nature

The LHC has revealed that the minimum SM prescription for electroweak
symmetry breaking — the one Higgs double model — is at least approximately

correct. What does that have to do with neutrinos?

The tiny neutrino masses point to three different possibilities.
1. Neutrinos talk to the Higgs boson very, very weakly:;

2. Neutrinos talk to a different Higgs boson — there is a new source of

electroweak symmetry breaking!;

3. Neutrino masses are small because there is another source of mass out
there — a new energy scale indirectly responsible for the tiny neutrino

masses, a la the seesaw mechanism.

We are going to need a lot of experimental information from all ares of particle

physics in order to figure out what is really going on!

June 24, 2014 Intensely Exploring
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(Some of the) Ongoing Neutrino Physics Activity at FERMILAB

e MINOS;

e MiniBooNE;

e Minerva;

e NOVA;

e MINOS+;

e MicroBooNE;

e LBNE.

and several other plans for the future!

[lecture by Tia Miceli]

June 24, 2014 Intensely Exploring
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“l have done something very bad today by proposing a
particle that cannot be detected; it is something that no
theorist should ever do.”

- Wolfgang Pauli

June 24, 2014 Intensely Exploring
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Staging Approach

to Search for Muon to Electron Conversion

Phase 1: COMI:—F

;ﬂ;ﬁ:Mmummmwu&ﬂﬂﬂﬂlﬂﬂﬂﬂ“ﬂww

Sen

B(p~ 4+ Al — e + Al) <1071

PlonDecay
Mucn=transgar

| s——
A section 0 collect muens ITTH
from decay of pions under a
scloroida] magnetic fele,

| m——

1

I Picn Capture Section
A secton to caplure plons
large scld nglc unger 2 hph
.cleron o magnetic field by =
Procudion noucing magnel.

Target

_-Fions

PAME

A detecior 10 tearch lor

mon-lo-electron con
Muons VOreion procosses,

Stopping

and
t Section

eithout a muon storage ring.

eUse a slowly-extracted pulsed proton beam.

e medium proton beam power (60 kW)
ecan be done at the J-PARC NP Hall.

eLarly realization

ewith a muon storage ring.

®use a fast-extracted pulsed proton beam.
every high beam pwer (>1 MW)

eneced a new beamline of fast extraction.

e ltimate search

B(pu~+Ti—e +Ti) <1071

June 24, 2014
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What Will Be Happening in the Near Future... (I Hope!)
e MEG: it — ey at several x107 %,
e g — 2 measurement a factor of 3—4 more precise.
e COMET (Phase I) u — e-conversion at x107 .
e Mu2e and COMET (Phase II)  — e-conversion at several x107 1.
e PSI: ;1 — eee at 10717,
e SuperB: Rare 7 processes at 107 1°.
o Next-next-generation: j — e-conversion at 10~'® (or precision studies?).
e Next-next-generation: deeper probe of muon edm.

e Muon Beams/Rings: p — e-conversion at 1072°? Revisit rare muon decays

(u — ey, u — eee) with new idea?

June 24, 2014 Intensely Exploring
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One last topic: Proton (Nucleon) Decay

As far as we can tell, ordinary matter — i.e., protons and many complex
nuclei (*He, 10, 14N, %°Fe, etc) — is absolutely stable. Why is that?

The answers is we don’t know. In the Standard Model, however there are
no interactions that will ever make the proton decay (not totally true, but
I will ignore some subtleties).

We understand why that is. The Standard Model has a symmetry —
baryon number, which renders the lightest baryon — it happens to be
the proton — stable. Baryon number is an accidental symmetry. We
did not ask for it, it happened as a side-effect of the known particles and

Interactions.

June 24, 2014 Intensely Exploring
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The other stable particles:
e photon — massless!
e lightest neutrino — lightest particle with spin 1/2. Other two?
e clectron — lightest particle with nonzero electric charge.

e dark matter — Is it?7 Why?

Positron

gamma

June 24, 2014 Intensely Exploring
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Nucleon Decay Limits
antilepton + meson

Frejus Kamiokande IMB
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